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shown to require a GPI-linked coreceptor for activationThe GDNF Protein Family:
or to change the specificity of the interaction betweenGene Ablation Studies Reveal a GPI-linked protein and a growth factor. A number of
gene ablation studies published in Neuron toward theWhat They Really Do and How
end of last year (Cacalano et al., 1998; Enomoto et al.,
1998) and in this issue (Heuckeroth et al., 1999; Rossi
et al., 1999) put to rest many of these uncertainties. They
There are four known members of the GDNF protein also reveal new subtleties and unexpected functions for
family: glial cell line±derived neurotrophic factor (GDNF), this ligand±receptor system.
Neurturin (NTN), Persephin (PSP), and Artemin (ARTN). Cacalano et al. (1998) and Enomoto et al. (1998) de-
All four are potent survival factors for cultured peripheral scribed the phenotype of mice that are deficient in
and/or central nervous system neurons and/or can pro- GFRa1. Much like their GDNF (Moore et al., 1996; Pichel
mote kidney morphogenesis in vitro. et al., 1996; SaÂ nchez et al., 1996) and Ret (Schuchardt
Biochemical studies have led to the hypothesis that et al., 1994; Durbec et al., 1996) counterparts, these mice
the GDNF ligands mediate their activities through a fam- fail to develop kidneys and enteric nervous systems and
ily of multicomponent receptors that are composed of die shortly after birth. In addition, the mice display small
the transmembrane tyrosine kinase Ret and one of four deficits in sensory, sympathetic, and motor nuclei but
glycosyl-phosphatidyl inositol± (GPI-) linked proteins, retain normal numbers of dopaminergic neurons. The
designated GFRa1±GFRa4. According to this hypothe- observed deficits provide strong support for the idea
sis, Ret is shared by all the GDNF ligand receptors and that the GFRas are real coreceptors for the GDNF li-
functions as a signaling component, whereas the GFRas gands. In addition, the similarities between the Gfra12/2
are receptor specific and act as ligand binding compo- and Gdnf2/2 mice revealed that in vivo GDNF acts pri-
nents. Although Ret alone does not bind any of the marily through GFRa1, even though in vitro it can interact
GDNF ligands, it is capable of modifying the interactions with multiple GFRa/Ret complexes.
between these ligands and the GFRas. Thus, in the ab- Further experiments with primary cultures of Gfra12/2
sence of Ret, each GFRa binds only a single ligand, nodose sensory and dopaminergic neurons revealed
whereas in its presence they become more promiscuous that these neurons have lost their responsiveness not
and can interact with 2 (GFRa2) or 3 (GFRa1) GDNF only to GDNF but also to NTN (Cacalano et al., 1998).
ligands (see figure). Since the examined neurons survive in the Gfra12/2
Although in vitro biochemical assays pointed to an mice, these in vitro findings did not reflect any physiolog-
essential role for GPI-linked coreceptors in signal trans- ical interactions between NTN and GFRa1. Neverthe-
duction by the transmembrane tyrosine kinase Ret, the less, they highlighted the possibility that GFRa1 can
potential in vivo role of these coreceptors and the in function as an endogenous receptor for NTN in other
vivo relevance of their ligand specificity remained con- tissues.
troversial. In part, this was due to the fact that transmem- If GFRa1 is the receptor for multiple GDNF ligands,
what exactly is the function, if any, of the other GFRas?brane tyrosine kinase receptors had never before been
Interactions between the GDNF Ligands and
Their Coreceptors
Interactions that are demarcated by thin or
discontinues lines require the presence of
Ret. The discontinuous line indicates that
only binding but not signaling has been dem-
onstrated.
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The manuscript by Rossi et al. (1999) provides clear an- which now includes GDNF, NTN, GFRa1, and GFRa2
knockouts, provides a new level of clarity with regardswers. It demonstrates, through the analysis of GFRa2-
to both function and signal transduction. We now knowdeficient mice, that GFRa1 does not mediate the actions
that GDNF is essential for kidney morphogenesis, prolif-of all the GDNF ligands and that GFRa2 has real and
eration and survival of early gut neural crest cells, anddistinct functions. Specifically, GFRa2 emerges as es-
survival of some sympathetic, sensory, and motor neu-sential for the survival and/or development of parasym-
rons. NTN, on the other hand, emerges as an essentialpathetic neurons and postmitotic gut neurons. This is
trophic factor for parasympathetic, postmitotic gut, andapparent from the fact that the Gfra22/2 mice suffer a
a small subpopulation of sensory neurons. With respectnearly complete deficit in cholinergic parasympathetic
to signal transduction, these mice proved that both Retinnervation of the tear glands and an 81% reduction in
and the GFRas are essential receptor components.the number of submandibular, parasympthetic, cholin-
Moreover, although in vitro there is a high degree ofergic neurons that innervate the salivary glands. In addi-
promiscuity in ligand±receptor interactions, in vivo thesetion, they display a pronounced deficit in fiber density
interactions are generally quite specific. GDNF activatesof substance P±positive excitatory neurons in the myen-
mainly GFRa1, whereas NTN utilizes predominantlyteric subdivision of the small intestine. The mice are
GFRa2.viable and fertile, and their major organs, including the
Despite these advances, much is left to be discovered.brain, which normally expresses high levels of GFRa2,
First, the physiological functions of ARTN, PSP, GFRa3,appear normal by morphological and immunohisto-
and GFRa4 are still mysteries. Second, despite the over-chemical criteria. However, the neuronal deficits lead to
all similarities, there are some differences between thedry eyes due to a reduction in tear secretion, increased
Gfra22/2 and Ntn2/2 mice as well as between theblinking rate, a decrease in the frequency, intensity, and
Gfra12/2 and Gdnf2/2 mice. For example, the growth ofsynchrony of the gut contractile activity, and growth
the Gfra22/2 but not of the Ntn2/2 mice is retarded,retardation. Interestingly, not all parasympthetic neu-
and there are more surviving sympathetic and nodoserons were lost in the Gfra22/2 mice, as the ciliary gan-
neurons in the Gfra12/2 as compared to the Gdnf2/2glion and pupillary reflex neurons appeared intact.
mice; the reason for these differences will have to beMoreover, no other neuronal cell type appeared to be
determined. Third, additional functions of GFRas, whichsignificantly affected.
are often found on cells in the absence of Ret, remainSo what is the ligand for GFRa2 in the gut and para-
to be studied. Are they released together with their li-sympthetic neurons? In vitro, GFRa2 can be activated
gands? Are they sequestering molecules? Do they trans-by both NTN and GDNF. Moreover, cultured gut and
duce signals independently of Ret? Fourth, what is thesubmandibular neurons can respond to GDNF as well
function of GDNF ligands and receptors in the tissuesas to NTN. Thus, the identity of the physiological ligand
that were not obviously affected in the targeted micewas not obvious. As it turned out, the major endogenous
(NTN/GFRa2 in the kidney, olfactory bulb, testis, ovi-ligand for GFRa2 is NTN. Indication for this is presented
duct, and brain; GDNF/GFRa1 in the brain). Fifth, whatin the findings that Gfra22/2 sensory neurons no longer
are the molecular mechanics of the interactions betweenrespond to low concentrations of NTN in culture (Rossi
Ret, the GFRas, and their ligands, and how does Retet al., 1999). More conclusive evidence stems from the
change ligand specificity? Finally, the discovery of thestudies of Heuckeroth et al. (1999), which detail the
GDNF protein family was driven by a search for a physio-consequences of NTN gene ablation. The Ntn2/2 mice
logical trophic factor for dopaminergic neurons. The
display striking similarities to the Gfra22/2 mice. They are
finding that Gdnf2/2 and Ntn2/2 mice have a normal
viable and fertile and their major organs appear normal.
complement of embryonic dopaminergic neurons indi-
However, like their GFRa2 counterpart, they display cates that we have been focusing on the wrong family;
thickened and drooping eyelids as well as a deficit in a search for these survival factor(s) should reopen.
tear production; both of these aspects of the phenotype
appear to be caused by a severe deficit in parasympa- Arnon Rosenthal
thetic innervation of the tear glands. The numbers of Department of Neuroscience
parasympathetic submandibular and ciliary (but not otic) Genentech, Incorporated
gangila neurons are also reduced by 45% and 48%, 1 DNA Way
respectively. Examination of the myenteric neurons in South San Francisco, California 94080
the NTN-deficient gut further revealed a 40% decrease
in fiber density and a 21% decrease in cell volume, as Selected Reading
was the case for the Gfra22/2 mice. Consistent with the
Cacalano, G., FarinÄ as, I., Wang, L.-C., Hagler, K., Forgie, A., Moore,reduction in axonal arborization, there was a decrease
M., Armanini, M., Phillips, H., Ryan, A.M., Reichardt, L., et al. (1998).in spontaneous and stimulated release of peptide neuro-
Neuron 21, 53±72.transmitters from these neurons and a reduction in
Durbec, P.L., Larsson-Blomberg, L.B., Schuchardt, A., Costantini,strength of gut muscle contraction and relaxation. The
F., and Pachnis, V. (1996). Development 122, 349±358.
Ntn2/2 mice also display a 70% reduction in the number
Enomoto, H., Araki, T., Jackman, A., Heuckeroth, R., Snider, W.D.,of GFRa2-expressing trigeminal sensory neurons and a Johnson, E.M., and Milbrandt, J. (1998). Neuron 21, 317±324.
45% reduction in GFRa2-expressing dorsal root ganglia
Heuckeroth, R.O., Enomoto, H., Grider, J.R., Golden, J.P., Hanke,
neurons. These deficits, which are small in absolute J.A., Jackman, A., Molliver, D.C., Bardgett, M.E., Snider, W.D., John-
numbers, were not detected in the GFRa2 knockout son, E.M., Jr., and Milbrandt, J. (1999). Neuron 22, this issue,
253±263.mice, possibly because of the different neuronal detec-
tion methods used. Thus, the panel of mutant mice, Moore, M.W., Klein, R.D., FarinÄ as, I., Sauer, H., Armanini, M., Phillips,
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H., Reichardt, L.F., Ryan, A.M., Carver-Moore, K., and Rosenthal, expressed in Drosophila bodies or with abundantly ex-
A. (1996). Nature 382, 76±79. pressed antenna-specific genes. They then sequenced
Pichel, J.G., Shen, L., Sheng, H.Z., Granholm, A.-C., Drago, J., Grin- all clones that failed to hybridize in a second round of
berg, A., Lee, E.J., Huang, S.P., Saarma, M., Hoffer, B.J., et al. (1996). hybridization to body cDNA and to cDNA from heads
Nature 382, 73±76.
lacking chemosensory organs. One clone encoded a
Rossi, J., Luukko, K., Poteryaev, D., Laurikainen, A., Sun, Y.F.,
putative seven-transmembrane protein expressed in aLaakso, T., EerikaÈ inen, S., Tuominen, R., Lakso, M., Rauvala, H., et
small subset of chemosensory neurons. This sequenceal. (1999). Neuron 22, this issue, 243±252.
was used in homology searches to identify additionalSaÂ nchez, M.P., Siols-Santiago, I., FriseÂ n, J., He, B., Lira, S.A., and
Barbacid, M. (1996). Nature 382, 70±73. receptor genes, resulting in the identification of most of
the same genes identified by Clyne et al. (1999). BetweenSchuchardt, A., D'Agati, V., Larsson-Blomberg, L., Costantini, F.,
and Pachnis, V. (1994). Nature 367, 380±383. the two groups, a total of 17 genes have been identified.
Several features of this new putative receptor family
are worth noting. First, these receptors are members of
a highly divergent family. The Drosophila proteins share
no significant homology to any other G protein±coupled
receptor family and share strikingly little homologyDrosophila Odor Receptors
among themselves. Given the lack of success in isolat-Revealed ing these genes with homology-based approaches, the
low sequence similarity with other odor receptor families
was not unexpected. Nonetheless, it is a puzzle why
Drosophila melanogaster is an attractive model system vertebrates, flies, and worms share so little sequence
for gaining insights into olfactory function, organization, similarity in this receptor family.
and development. Insect chemosensory systems have Second, the Drosophila genome project has com-
many parallels with vertebrate olfactory systems. In both pleted roughly 15% of the genome, suggesting that a
cases, for example, primary olfactory neurons project total of 100±200 members of this family are likely to be
directly to the central nervous system, where they syn- present in the genome. However, this estimate might
apse in discrete neuronal clusters called glomeruli (re- be low, as the 17 receptors identified so far appear to be
viewed by Hildebrand and Shepherd, 1997). Odorants expressed only in one of the three major morphological
elicit distinct, reproducible patterns of activity in differ- classes of sensillum. Therefore additional, distantly re-
ent glomeruli in both insects and vertebrates, sug- lated genes may be uncovered by further sequencing.
gesting that odors are represented by specific glomeru- The third noteworthy feature of the receptor family
lar activity patterns. Drosophila have z40 glomeruli, is that the spatial expression patterns of the putative
compared to 1800±2000 for a typical vertebrate, so un- receptor genes indicate that each receptor is expressed
derstanding the relationship between odor sensitivity of in a stereotypical pattern of neurons that is similar or
olfactory neurons and their glomerular innervation, and identical across individuals (Vosshall et al., 1999). This
ultimately with olfactory behavior, should be approach- is distinct from vertebrates, in which olfactory neurons
able in this system. However, progress toward these expressing particular receptors are randomly distrib-
goals has been hampered by the lack of molecular uted within particular expression zones.
probes to identify functional sets of olfactory neurons. Finally, so far, multiple Drosophila receptor genes ap-
Specifically, the transmembrane receptors mediating pear not to be coexpressed in the same olfactory neu-
odor responses in insects have eluded cloning efforts.
rons, which suggests that individual olfactory neurons
Now, two groups (Clyne et al., 1999 [this issue of Neu-
express one or a small number of receptor genes. Inron]; Vosshall et al., 1999 [5 March issue of Cell]) report
this regard, the organization of the Drosophila chemo-the identification of a family of genes encoding seven-
sensory system is more reminiscent of vertebrates, intransmembrane proteins likely to function as Drosophila
which one or a small number of receptors is expressedodor receptors. These genes have no sequence similar-
per neuron, than of C. elegans, in which large numbersity to either C. elegans or vertebrate chemoreceptor
of receptor genes are expressed in individual neurons.families and constitute a novel branch of the G protein±
A final determination of how many receptors are ex-coupled receptor family.
pressed in single Drosophila olfactory neurons mustClyne et al. (1999) and Vosshall et al. (1999) used
await a more complete analysis of the expression pat-different strategies to identify candidate receptor genes.
terns of additional receptor genes. However, if there areUsing a novel, multivariable computer algorithm to
1200 primary chemosensory neurons that each expresssearch the Drosophila genome database, Clyne et al.
1 of 100 receptor genes, there should be z12 cells ex-identified candidate genes and used reverse transcrip-
pressing any particular receptor. This is similar to thetion with polymerase chain reaction (RT±PCR) to identify
numbers actually observed (Clyne et al., 1999; Vosshalltwo genes from their candidates that were expressed
et al., 1999).exclusively in the chemosensory organs. Blast searches
It will be interesting to establish the relationship be-of the genome database using these chemosensory-
tween the expression of odorant binding proteinsspecific receptor candidates ultimately resulted in the
(OBPs) and the neuronal receptors. In Drosophila, OBPsidentification of 16 genes.
are abundant, low molecular weight proteins secretedVosshall et al. (1999) used a molecular approach to
into the fluid within the sensilla that bathes the olfactoryidentify genes expressed at low levels in the chemosen-
neuron dendrites. Invertebrate OBPs are a distinct familysory organs. They picked 5000 plaques from a chemo-
sensory organ library that failed to hybridize with genes of proteins unrelated to the vertebrate lipocalin OBP
